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ABSTRACT : 

CHG DATE=20040128 STATUS=0>The invention is concerned with a 
resistive fault 

current limiter (FCL) based on thin superconducting films. The FCL 
comprises 

constrictions (2) with a reduced critical current, separated by 
connecting 

paths (3) . Upon occurrence of a fault current, the former turn 
resistive 

simultaneously and build up a resistance which allows the applied 
voltage to 

drop entirely only over the constrictions. Only at a later stage, the 
connecting paths become resistive and dissipate energy. The thickness 
and 

width of an electrical bypass determine said normal resistivities of 
the 

constrictions and the connecting paths 
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(54) Superconducting fault current limiter 

(57) The Invention Is concerned with a resistive fault 
current llmlter (FCL) based on thin superconducting 
films. The FCL comprises constrictions (2) with a re- 
duced critical current, separated by connecting paths 
(3). Upon occun'ence of a fault cun^ent, the fomner tum 
resistive simultaneously and build up a resistance which 



allows the applied voltage to drop entirely only over the 
constrictions. Only at a later stage, the connecting paths 
become resistive and dissipate energy. The thlcl^ness 
and width of an electrical bypass determine said nomnal 
resistivities of the constrictions and the connecting 
paths. 
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Description 

FIELD OF THE INVENTION 

s [0001] The invention relates to the field of high-temperature superconductors and in particular to a new design of 
thin film based superconducting fauit current limiters. It is based on a superconducting fault current limlter according 
to the preamble of claim 1 . 

BACKGROUND OF THE INVENTION 

10 

[0002] High temperature superconductors may be applied in superconducting fault cun'ent limiters for electrical dis- 
tribution or transmission networks. Such a current limiter owes its properties to the fact that at a sufficiently low tem- 
perature, a superconductor maintains its superconducting properties only as long as a current flowing through Its body 
remains below a critical value. Said critical value is commonly known as critical current density (J^) and basically 

IS depends on the temperature of the superconductor and a magnetic field In its Interior. 

[0003] In general, for applications of high temperature superconductors at high electrical powers the problems of the 
so-called "hot-spots" must not be neglected. Due to unavoidable inhomogeneities in the superconductor material or 
due to local thennai fluctuations the critical current density suffers small variations across the superconductor. Accord- 
ingly, in the case of a short circuit, the initial increase of the fault cun^ent will first exceed the critical cun-ent at the 

20 weakest point of the superconductor. At this point, the voltage drop begins to build up, and joule heating starts to set 
In, leading to a local Increase In temperature and a local crash of superconductivity, I.e. the occun'ence of a hot-spot. 
If the hot-spot does not spread quickly over the superconductor, the fault cun-ent will not be limited fast enough and 
the increase of heat at the hot spot location may finally lead to a destruction of the superconductor. 
[0004] In electrical distribution or transmission networks including superconducting devices, in case of a fault, the 

2S voltage applied to the corresponding section of the network drops either deliberately (if the device Is supposed to exhibit 
current limiting properties) or involuntarily along the superconductor. An ideal high temperature superconductor with 
a perfectly homogeneous critical cun'ent density and a unifomn current distribution the latter will, In case of a fault, 
quench homogeneously over its entire length, i.e. warm over the critical temperature Tq and turn resistive. Accordingly, 
the voltage drops over the entire length of the superconductor, leading to small electrical fields and sub-critical energy 

30 densities. 

[0005] A primary remedy is fomried by a metallic electrical bypass, which Is in close contact over the entire length of 
the superconductor and thus is electrically In parallel to every potential hot spot. The bypass offers an alternative 
current path, by means of which a fault cun'ent may circuntvent the hot spot, thereby homogenising the voltage distri- 
bution. 

35 [0006] In the Gemrian Patent Application DE 100 14 197.8 a superconductor arrangement for preferential use in a 
fault cun-ent limiter and comprising a track, band or wire of high-T^ superconductor material is disclosed. Weak spots 
with a reduced critical cun-ent \q are provided over the length of the superconductor track. Hence, In the event of a 
fault cun-ent, initial voltage drops start to develop at the weak spots. The dissipation produces heat which is propagating 
to adjacent regions of the superconductor. If the weak spots are close enough to each other, the superconductor 

40 quenches In a homogeneous way. 

[0007] From the article (in the following referred to as ref .2) by M. Decroux et al., "Properties of YBCO Films at High 
Cun-ent Densities: Fault Current Limiter Implications", IEEE Trans. On Applied Superconductivity, Vol.11 , 2046 (2001), 
thin-film high temperature superconductors are known. A substrate serves a support for a thin epitaxial layer (thickness 
»1 ^m) made from a ceramic high temperature material, In particular a composition according to the fomiula 

45 YBaaCuaOy.x with a critical cun-ent density of 3x106 A/cm2 at a working temperature of 77 K. Extensive studies on 
these materials have shown the existence of a critical electric field E^ which determines the length of a dissipatlve 
portion of the superconductor upon application of voltage pulses of various heights. 

DESCRIPTION OF THE INVENTION 

50 

[0008] It is therefore an object of the invention to create a thin film superconducting fault current limiter of the type 
mentioned above, which quenches in a controlled way and is not exposed to hot-spots in the case of a fault current 
occurring in a line comprising the cun-ent limiter. This object Is achieved by a superconducting fault current limiter 
according to patent claim 1 . Prefen-ed embodiments are evident from the dependent patent claims. 
55 [0009] A current limiter according to the invention is composed of several constrictions and Interposed connecting 
sections. The constrictions or weak spots have a lower critical current and thus, in case of a fault cun-ent exceeding a 
nominal current, do revert to a resistive state in the first place, before any heating of the superconductor occurs. The 
total length and the cross section of the constrictions are such that the constrictions in their resistive state develop a 
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resistance which is sufficient to build up a vcitage drop that equals an applied voltage and to limit the current flowing 
through the constrictions to a value below the prospective "unlimited" fault current. During this initial phase, the con- 
necting sections remain superconducting, they start to turn resistive only at a later stage. 

[0010] The present Invention Is based on the finding that a superconducting fault cun-ent llmlter, after a voltage has 
5 been applied to it, develops different regimes as a function of time. In particular, after a transient regime, the super- 
conductor follows an initial current source regime with a current essentially independent of the applied voltage and a 
current density equal to about 1 .5 times the critical cun-ent density of the superconducting material. 
[0011] The resistance of the constrictions during said initial regime Is determined by the length of the constrictions 
and the resistivity averaged over the conductor cross section, which depends on the thicknesses of the superconducting 
10 film and an adjacent bypass layer. The resistivity of the constrictions may be chosen such as to limit the power density 
dissipated by the fault current in the constrictions to an acceptable value. By adjusting the resistance of the connecting 
sections, the dissipated power density at long terms, i.e. once the connecting sections have turned resistive as well, 
can be adapted independently. 

15 BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The subject matter of the invention will be explained in more detail in the following text with reference to 
pretended exemplary embodiments which are illustrated in the attached drawings, in which: 

20 Flg.1 schematically shows the course of the cun'ent density J in the constrictions following a voltage pulse applied 
to a superconductor tracic, 
Fig.2 shows a meander-shaped superconductor tracic with constrictions, and 
Fig.3 shows a constriction and a connecting section. 

25 [0013] The reference symbols used in the drawings, and their meanings, are listed in summary form in the list of 
reference symbols. In principle, Identical parts are provided with the same reference symbols in the figures. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

30 [0014] During the first fxs of a short circuit, a linear dependence between the initial length of the dissipative region 
(the switched region) and the applied voltage U has been obsen/ed, indicating the existence of a critical electric 
field Ec=U/Lc (Ref .2). For a given applied voltage, this critical electric field allows to Icnow the length of the dissipative 
region at the beginning of the short circuit. By inserting constrictions (e.g. local decrease of the line's width) along the 
meander (Flg.2), this initial length Is split into several smaller regions and then the dissipated power Is distributed along 

35 the meander. The fault current llmlter FCL is designed in such a way that only the constrictions are switching during 
Initial period (i.e. the first fis) of a short circuit, avoiding the concentration of the dissipated power in one region of the 
wafer, which is specially imporiantf or FCL with several wafers in series since this design allows to control the distribution 
of the quenched zone over all the wafers. 

[001 5] In tiie following, the behaviour of the FCL during a short circuit will be described in more detail. The FCL worics 
<o mainly in three distinct regimes as sicetched in Fig.1 . The first one, the peak power zone, is a transient regime; the 
current increases quiclcty (below 1 jis) to a value Jp and then a part of the line is switched, leading to a limitation of the 
current. We have observed that the current peak Jp Is Independent of the applied voltage. 

[0016] The second regime, the current source zone, takes place after the current peak; the FCL behaves as if it is 
subjected to a current source, i.e. the current is Independent of the applied voltage. It has been reported in Ref.2 
45 that, for YBCO at T=77K, Jp« 3.Jc and Jb = a Jp where a « 1 .5 and J^. is the critteal current density (» 3-1 O^ A/cm2 at 
77K). In this cun'ent source zone, the dissipated power is proportional to the nomrial state resistance of the line at the 
working temperature (I.e. around 77K). The power dissipated by the line can be decreased by decreasing the resistivity 
of the constricted regions. 

[0017] At longer time the FCL wori<s in the voltage source regime. The short circuit current J^^ and the dissipated 
50 power are inversely proportional to the nomnal state resistivity of the line at an increased temperature of typically above 
100K. The dissipated power can be decreased only if the resistance of the dissipative region is Increased, in contra- 
diction with the behavior in the current source regime. 

[0018] The main goal of this new design of the FCL is to allow (a) the decrease of the surface peak power density 
at the beginning of the short circuit and (b) a low and uniformly dissipated power across the whole length of FCL 
55 component at longer time. This Is obtained by decreasing the nomnal resistivity of the constrictions, which become 
Instantaneously dissipative, and by Increasing the resistivity of the connecting path, which become normal conducting 
at longer times. This Is readily achieved by varying the thickness of the bypass layer of both the constricted and the 
connecting path. This decrease of the dissipated power by the wafer allows to Increase the nominal power and/or the 
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duration of the limiting function. 

[0019] From the foregoing^ a basic design for a FCL including critical design parameters can be deduced. 
[0020] Flg.2 and Fig.3 show this new design of the superconducting fault current ilmiter. The FCL Is constituted by 
an YBCO/bypass meander with a total length and an'anged on a substrate which preferably Is a good themnal and 
s a bad electrical conductor at around 1 00 K. The YBCO layer has a constant thiclaiess e and a critical current density 
at the working or liquid nitrogen temperature (T=77K). A possible variation in superconductor thickness e Is not 
considered, as it would unnecessarily complicate the following calculations. 

[0021] The constrictions have a width and the connecting sections a width Wp (Fig.2). These constrictions can 
be spilt In n paths, of width W^/n, in order to Increase the heated volume during the short circuit and then to slow down 
10 the Increase of the temperature of the line. Flg.2 shows an example with n=2. Wp is chosen with respect to in such 
a way that only the constrictions are switching at the beginning of the short circuit. 

[0022] Prior to the cabuiation of all the design parameters of the FCL, the following parameters have to be fixed: 



• The nominal peak power the nominal peak voltage if and the nominal peak current P -P^ lif 
15 - where Ip Is the critical cfilTent of the constrictions. ^ 

• The ratio between the width of the constriction and the width of the connecting path: (i^iv^ tv^ ^ has to be higher 
than the ratio of the maximal and the minimal critical current density over the wafer. 



20 • The supported surface power density Pt, after the current peak (Pb+ J|,2 {Rg.1)). As reported in Ref.2, Pb should 
be below a value of around 22 kW/cm^ In order to avoid the destruction of the constrictions. 



• The filling factor p, which is the ratio of the meander surface and the surface of the wafer, p is smaller than yet as 
close as possible to unity. 

25 

• The ratio 5 between the limited cun-ent density at long temn (Jg^, Flg.1) and the nominal current density J^. 5 
depends on the thennal environment of the FCL line. Better perfonnances are expected with tower value of 5. 

[0023] Taking into account tiiese values, all the parameters of the FCL can be detennined, Le: 

30 

• The width of the constrictions Wp and of the connecting path w^. 

• The total length L^ of the constrictions and its reduced normal state resistivity p^. (I.e. the average resistivity times 
the ratio of the superconductor thickness e to the total track thickness of superconductor and bypass) 

35 

• The total length L^^ of the meander. 



• The total length Lp of the connecting path and Its reduced nomnal state resistivity Pp. (at 77K, I.e before the heating 
sets in and further Increases the resistance) 

40 

[0024] The following relations are used for the calculation of all the parameters of the FCL: 



45 



50 



55 
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pn 

pern C 


The width of the constriction 
"nominal condition" 




The reduced resistivity of the constrictions at 77K 
"initial fault cuxrent condition*' 




The critical electric field 


I/' » 


The total length of the constrictions 
"initial fault current condition" 




The width of the connectmg path 




The total length of the meander 

0 




The total length of the connecting path 


' -'c U «J 


The resistivity of the connecting path 



[0025] A FCL with Au as a bypass layer is talcen as an example. The typical parameter of the YBCO/Au FCL line 
made on a 2" wafer are the critical current density (Jg= S'lO^ A/cm^ at 77K) and the YBCO layer thickness (e=3000A). 
The surface of the wafer is 83= 20.3cm2. 

[0026] For a FCL made on a 2" AI203 wafer, the following parameters have been chosen: 

• The nominal peak power = 5i<W. 

• The nominal peak voltage U = 300V. 

• The ratio between the width ^^e constrictions and of the connecting path n=2. 

• The surface power density Pb= SkW/cm^. 

• The filling factor p=0.7. 

• The ratio between the current at long temn and the nominal current, 6=0.2. 

[0027] In the example the calculated parameters are: 

Wg= 1.B5mm, pc=5^'Cm, Lc=13.Scm 

Wp= 3.7 mm, pp= 35^12- cm, Z.p=24. 8cm 
[0028] The thickness of the gold layer on the constriction and on the connecting path has to be detennined by taking 
into account its bulk resistivity, the quality of the film and the resistivity of the YBCO film. 

[0029] The present invention describes a new design for resistive FCL based on thin films with constrictions homo- 
geneously distributed along the line. Its main advantages are: 

1) The initial surface peak power density dissipated by the FCL is controlled by adapting the thickness of the 
bypass layer on these constrictions. 

2) The dissipated surface power density by the FCL at long temi ( few ms after the beginning of the short circuit) 
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is controlled by adapting the thickness of the bypass layer on the connecting paths. 

3) The constrictions aiiow to honnogeneously distribute the quenched zones over the whoie wafer, avoiding the 
localization of the dissipated power in one region of the wafer. The possibiiity to controi the distribution of the 

s dissipative zones aiong the whole meander is crucial for FCL made of several wafers in series. 

4) The splitting of the constriction in several parts allows to achieve a better themnal stabilization thanks to a large 
effective heated volume of the substrate. 

10 [0030] If the current ilmlter Is to be operated in AC mode, apart from the fact that one has to distinguish between the 
peak and the RMS values of e.g. the nominal cun^ent l^^, similar conclusions regarding its design do apply. Depending 
on the actual time the fault cun-ent "pulse" occurs within an AC period, the evolution of the current through the super- 
conductor might deviate from what is depicted in Fig. 1 1However, it is still a primordial requirement that the total ohmic 
resistance Rj. of the constrictions at working temperature T|yj is sufficient to cause a voltage drop equal to the nominal 

15 voltage at an initial fault current l^. The latter is In this case defined as the cun'ent flowing after a transient regime 
of a few ^s duration, and may Itself be a time varying current limited to values below a prospective fault current. 

LIST OF DESIGNATIONS 

20 [0031] 

1 conductor track 

2 constrictions 
20 path 

25 3 connecting sections 



Claims 

30 1 . A superconducting resistive current limiter adapted for a nominal voltage U^^ and carrying a nominal cun^ent l^yj at 
a working temperature T^, with at least one track (1) of length L^t comprising a thin-film of high-temperature 
superconducting material with a critical cun*ent density Jq and an electrical bypass layer in contact with the film, 
wherein the track (1) consists of a multitude of constrictions (2) having a total length Lq and each having an ap- 
proximately constant critical cun-ent \q q equal to the nominal current l|^ and being separated from each other by 

35 connecting sections (3) having a critical cun'ent Iq 5 larger than l,yj, 

characterized In that the total resistance Rc of the constrictions (2) at working temperature T|g Is adapted to cause 
a voltage drop equal to the nominal voltage at an initial fault current 1^ limited to a value below a prospective 
fault cunrent. 

^0 2. The current limrter according to claim 1 , characterized In that the resistance Bq of the constrictions (2) at an initial 
fault current 1^ with a cun-ent density J|, of approximately 1 .5 times Jc flowing In the constrictions (2) Is adapted to 
cause a voltage drop = Rc ^^^^^ t ©^ual to the nominal voltage U^. 

3. The current limiter according to claim 2, characterized In that an averaged reduced resistivity pc of the constric- 
^ tlons (2) at working temperature T^ and at the Initial fault current density Jj, Is adapted to limit the surface power 

density p^ dissipated by the constrictions (2). 

4. The current limiter according to claim 3, characterized In that the averaged reduced resistivity pc of the constric- 
tions (2) is given by Pc = Pb ^ ^b^'®' wherein e Is the thickness of the superconducting film at the constrictions. 

50 

5. The current limiter according to claim 4, characterized In that the conductivity of the bypass layer is higher along 
the constrictions (2) than along the connecting sections (3). 

6. The current limiter according to one of claims 1 to 4, characterized in that the constrictions (2) are divided into 
55 two or more paths (20) electrically connected in parallel. 
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Fig. 2 



Fig. 3 
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